Upon cyclic excitation of soil mass, two types of strain can be recognized, namely elastic and plastic one. Proper analysis of these two types of deformations can help engineers in designing more reliable structures. In this study, a multistage uniaxial cyclic loading in unconfined conditions was performed. Tests were performed in order to characterize strain response to repeated excitation. Soil sample under cyclic loading was recognized as exhibiting the symptoms of a plastic strain growth during the cyclic loading process with exponential manner, when compared to number of cycles. Soil in this study was reconstituted and compacted by using the Proctor method to simulate conditions similar to those affecting the road subbase. The soil was recognized as sandy clay. Results were analysed and a proposition of empirical formula for plastic strain calculation with the use of characteristic stress values was presented. The resilient modulus values were also calculated. The M r value was within range from 45 to 105 MPa. The conclusions concerning the cyclically loaded soil in uniaxial conditions were presented.
INTRODUCTION
Behaviour of soils subjected to cyclic loading in road engineering is an important subject of studies. Nowadays, many propositions for predicting permanent strain development are being presented (Werkmeister 2006) . Some of them are based on the value of the resilient modulus and more extensive studies lead to the introduction of the shakedown theory for unbound granular materials.
According to Mechanistic Empirical Design Guide (MEPDG), 1993 AASHTO flexible pavement design guide, or Eurocode PN-EN 13286-7:2004 , resilient modulus is presented as a key material property in the structure design of pavement.
Structure of pavement basically consists of layers. One of those is the subgrade, which usually is comprised of cohesive soils. One of best known stiffness parameters describing the subbase and subgrade materials is the resilient modulus (M r ). The term resilient modulus is borrowed from the elastic theory, although subgrade materials themselves are not elastic. Nevertheless, if the load is small enough during large number of repetitions the soil can behave in nearly elastic manner where the deformation is nearly fully recoverable (Głuchowski et al. 2015) .
Besides many factors, which have impact on road structure performance, such as kinds of materials being used, climatic conditions, capillary water or construction method, which are the scope of many studies, the response of subgrade under cyclic loading seems to be neglected.
Well-designed structure of road implies low stress level in the subgrade, therefore in this case, proper chemical stabilization is enough to prevent the occurrence rutting phenomena.
In case of low cost-or temporary road infrastructure, chemical stabilization could exceed the investment budget. On the other hand, designers are still obliged to provide high quality and good performance of the road.
Moreover, this type of infrastructure is usually placed in locations characterised by complex conditions, for example in reclaimed rural areas. Subgrade cohesive soils are subjected to changing conditions, for example moving water table, which causes changes in strength of this material.
Cyclic excitations applied to subgrade under such conditions may result in excessive permanent strains which could lead to the road's failure when the cyclic load cross ratcheting limit.
For better understanding of the cohesive soil behaviour under cyclic loading in subgrade layer, tests under low confining pressure have been be performed.
LITERATURE REVIEW
Requirements regarding parameters for road design are still under development. Offshore geotechnical engineering and foundation designers also seek for material characteristics under cyclic excitation (O'Reilly and Brown 1991 , Sas et al. 2014 , Lavasani et al. 2015 .
Applied stress causes a development of elastic and plastic strains in soils. In small strain range, the effects of strains are almost fully recoverable. When stress value crosses the level of yield stress characteristic for each material, a plastic strain occurs. The impact of plastic response of porous media on the structures is included when serviceability limit state is assessed. The plastic deformations may be observed even in small stress range, therefore the proper study of this occurrence is needed (Uzan 2004 , Wu and Chen 2010 , Sas et al. 2014 .
Cyclic loading phenomenon was studied in numerous papers, most of them concerning conditions under which tested material would undergo failure. Nevertheless, most of the constructions fail not due to collapse, but simply because of over-settlement in foundation engineering or rutting, in case of road engineering, caused by permanent strain (Srinivasulu and Vaidyanathan 1976 Randolf and Gouvernec 2011 , Tafreshi and Mehrjardi 2011 .
Beside natural events, such as earthquakes or sea waves, which cause repeated loadings, cyclic excitations are caused by human activity and are characterised by varying amplitudes of loading. Type of loading, which can be in the form of sinusoidal, triangular or trapezoidal wave, also seems to impact the strain development (Pecker 2007, Sas and Głuchowski 2013a, b) .
Plastic behaviour of soil under cyclic loading leads to an increase of plastic strain, but its development varies, depending on the range of applied cyclic stress levels. Shakedown theory in soil mechanics assumes three ways of possible behaviour. If applied stress level is low enough, plastic strain increment stops, which can be noted after a large number of cycles.
The results of investigations conducted on cohesive soil, which was loaded cyclically in one dimensional consolidation conditions, have led to the conclusion that the shape (period of loading cycle if time needed to reach maximum stress) of the loading cycle (time needed to reach maximal stress) has an impact on strain development during loading. Moreover, in case of loading having the trapezoidal shape, the displacement rate was the greatest during the end of loading phase and the lowest during the end of the unloading phases, respectively (Zhuang 2005, Wu and Chen 2010) .
The cyclic loading in soil media results in the plastic strain increment with a number of the cycles which can be dependent on many factors, such as the stress amplitude and stress level. In opposition to static loading of the soil, where failure is considered, repeated loading can lead to failure, because of excessive strain for stress levels lower than those observed during failure in undergoing static tests (Werkmeister 2001 , 2006 , Whitman and Richart 2005 .
Soils can exhibit different responses to cyclic loading in case of cohesive and non-cohesive soils. In cohesive soils, liquefaction phenomenon does not occur, but in both cases, pore pressure increment still has an impact on soil response during the undrained triaxial tests (Sawicki and Świdziński 1989, Głuchowski et al. 2015) .
During extensive studies on the plastic strain development caused by repeated loading, a number of soil behaviour phenomena were noticed. It was observed that after numerous cycles, plastic strain increment tends to decrease down to zero during drained tests. This phenomenon was similar to the shakedown event during extension tests on metals. Shakedown explains possible response of soil to cyclic loading. Plastic shakedown will occur, if the level of stress is low enough. At this stage, plastic strain rate decreases during the cyclic loading. However, unlike in metal bars, plastic strains will not vanish completely. If cyclically acting stress crosses threshold stress limit, a cyclic creep will appear. At this stage, plastic strains are observed in each cycle and soil will eventually fail due to excessive total plastic strain. Plastic strain increment is usually presented in the form of a graph versus a number of cycles and it can represent rut depth development (Whitman and Richart 2005, Tafreshi and Mehrjardi 2011).
One of the key parameters referring to cyclic loading in soil mechanics is the resilient modulus. Resilient modulus describes the amount of elastic strain during unloading under cyclically acting stress (Brown 1996 , Tao et al. 2010 .
Figure 1 presents in a schematic way the development of strains during a sin-gle cycle of loading. Resilient modulus value can be obtained from uniaxial or triaxial tests. Equation (1) 
where:
Deviator stress calculated as:
Elastic strain is calculated as:
where: ΔH r -elastic displacement, H i -height of sample. Figure 2a presents the results of the above-mentioned test. The material was taken from a road construction site. Figure 2b presents the results of a Proctor's test using standard energy of compaction, which equals 0.59 J/cm 3 (PN-88/B-04481). Optimal moisture content amounts to 10.3% and dry density is equal 2.17 g/cm 3 . Liquid limit obtained from a Casagrande test was equal 20%. 
METHODS
The cyclic triaxial compression test (cyclic unconfined uniaxial compression test) was conducted with no cell pressure (unconfined conditions). Sample was kept in optimal moisture content. Height of sample was 140 mm and its diameter was equal 70 mm. Test was consisted of eight series of cyclic loading. Unconfined triaxial compression test was performed in a one-way manner. Each series of cyclic excitations was performed with an amplitude of loading equal 11 kPa. Frequency in this study was equal 0.1 Hz, while the number of cycles was equal 100.
The main purpose of this test was to characterize the behaviour of compacted cohesive soil during cyclic loading. The strain development prediction is associated with a proper classification of soil response to cyclic loading. From a practical point of view the behaviour of soil in such deformation range is important for the proper design of constructions. The cyclic loading test stages were divided into a series of steps characterised by increasing loads, which may occur during the construction phase. For the purposes of this paper, the issue of cyclic loading was simplified to sinusoidal loads of low frequency. Maximal stress during a single stage was equal σ 1.max = = 57.8 kPa and minimal stress was equal σ 1.min = 48.3 kPa. After this stage, the unloading process was performed, during which the following values were controlled: σ 1.max = 16.0 kPa and σ 1.min = 5.4 kPa. The last stage of this test was loading to σ 1.max = 68.3 kPa and σ 1.min = 57.8 kPa. Such values of stress were adopted in order to characterise the resilient modulus and plastic strain development. The assumed stress conditions were depended from test method, where s in kN units. The multistage test manner was performed in order to obtain possible change of soil behaviour in respect to shakedown theory. The applied stresses were in the range of 10 to 70 kPa and included the average stress of traffic load at a depth of 0.5 m.
This procedure of a multistage cyclic loading was performed in order to describe the behaviour of cohesive soils under a decreasing cyclic stress. After 100 repetitions under a lower stress level, soil was again loaded, by applying a greater stress level, which exceeded the one applied during the first stage. The response of the material was later presented with the use of a stress-strain plot.
RESULTS
In Figure 3 , the results of a uniaxial cyclic test on soil sample, which was cyclically loaded and unloaded, are presented. The test was divided into two phases. The multistage loading phase was the first one. The first five stages of loading were characterised by an average stress level of σ 1.avx ≈ 10.5 kPa. The sixth phase consisted of unloading under stress conditions identical to those present during the first stage of multistage loading. At the end of the test, loading was performed as for the sixth stage of multistage loading. The cyclic stress amplitude drop dur-ing the sixth stage is characteristic for the repeated loading phenomenon not only under a constantly increasing stress level amplitude, but also after a partial decrease of the cyclic stress.
During Stage 5, the initial strain level was equal 0.21%. The next 100 cycles caused an increase of plastic strains, which was equal 0.0032%. During Stage 6, the unloading to stress range in first phase was performed. Unloaded soil specimen responded with an elastic strain in first cycle, which was equal 0.00782%. During the following cycles, sandy clay also responded to loading by exhibiting an elastic strain. The difference between the first and the last strain value was equal 0.0046%. After the sixth phase of loading, the Stage 7 of the multistage programme was carried out. Increase of plastic strains during cyclic loading in Stage 7 is greater than the increase of plastic strain in Stage 5. This phenomenon is caused by a decreasing load range during the sixth phase. Figure 4 presents the change of strains in time for Stages 5, 6 and 7. An increase of axial stress causes the plastic strain to occur during Stage 7 of loading. During Stage 5, the strain seems to decrease, as it does in Stage 6. During the second phase of loading, the plastic strain increment stabilised at level near to zero. During the third phase of loading in the fifth stage, the strains begin to decrease. This phenomenon is caused by the shakedown of the sample and the multistage manner of testing. The shakedown theory states that if axial stress is low enough, the plastic strain increment decreases to a point, in which very minor or no plastic strain occurs during a single cycle. Multistage cyclic loading caused high accumulation of elastic en-FIGURE 3. Plot of axial stress (σ 1 ) and strain (ε) in unconfined cyclic loading test ergy. After the fifth stage, the specimen was unloaded to a lower stress level, recovering 27% of strain at the end of Stage 5. The backward movement of stress-strain relationship is caused by the consolidation phenomenon. The strain reversal therefore was observed in lower stress amplitude. The increase of stress level, while the soil was in plastic shakedown state, caused the irrecoverable strain accumulation to occur again during the first stage of loading. Shakedown theory for soils states that plastic strains never vanish completely. Nevertheless, the complete unloading down to zero was not conducted during this study but minimal stress in every stage of loading was maintained.
In Figure 5 , the detailed view of the first 50 th and 100 th cycle was presented for stages 5, 6 and 7 of repeated loading. During Stage 5, as was mentioned before, the strain obtained at the 100 th cycle was smaller than the one obtained at the 50 th cycle. During Stage 6, the strains stops to accumulate. The difference between maximal strain during the Stage 5 and minimal strain during the Stage 6 was 0.0827%. It means that the elastic strain between these two stages constitutes 36%. In this stage, wedged particles released its cumulated elastic energy. During Stage 7, the increase of plastic strains was greater, when compared to Stage 5 and no strain reversal phenomenon was observed. This occurrence was caused by the major loss of the elastic energy accumulated in the soil specimen. The higher axial stress level led to the accumulation of plastic strains and subsequent rearrangement and wedging of particles in the soil skeleton. Figure 6 presents the results of the resilient modulus calculation. In case of Stages 4, 5 and 7, the obtained M r level was the highest and reached 103 MPa. Those values are close to each other, even after the increase of plastic strain (Fig. 6) . During the subsequent cycles at Stage 7, the resilient modulus has decreased and after 100 load repetitions the M r value was equal to the resilient modulus at the end of Stage 5. The resilient modulus also express the development of elastic strains in each stage. During cyclic loading we can observe different responses of cohesive soil to stress reference levels. During Stages 1 and 2, the resilient modulus value rises with each cycles, so we can observe the rise of sample stiffness (Figs 3 and 6) . In case of Stage 3, a different response can be observed. The resilient modulus value decreases, which results in the loss of stiffness. The same phenomenon can be observed during Stage 4. Until the 50 th cycle, the M r value decreases, but rises again after reaching that point. It is important to note that after the increase of stress reference levels, the resilient modulus value also grows.
In Figure 7 , a plot of plastic strain change versus the number of cycles is presented. The plastic strain change clearly has exponential growth. For the first five stages, the function of the plastic strain change in the following cycles was calculated on the basis of the standard exponential equation (4):
where: a -plastic strain after first cycle, N -number of cycle, b -empirical parameter. The a and b parameters for five stages are presented in Table 1 . The impact of deviator stress can be distinguished in the form of characteristic values presented in Figure 8 .
The values of S a , S m , S min and S max are presented in details in Table 2 . For the calculation of plastic strain in varying deviator stress conditions, the relationship between the parameter b and characteristic stress values was established. The equation which leads to estimating the b value is as follows: The coefficient of determination (R 2 ) for this relationship is equal 0.967. Based on Equation (5), the estimation of plastic strain for Stages from 2 to 4 was performed. The results are presented in Figure 9 . The calculated plastic strain versus number of cycles shows good agreement with the test results. The stress amplitude (S a ) and stress median (S m ) parameters can be used to calculate the plastic strain and to calculate possible plastic deformations under varying stress conditions.
CONCLUSIONS
The cyclic unconfined uniaxial compression test conducted on unsaturated sandy clay led to the following conclusions: Sandy clay is a material, which in low stress range can undergo shakedown and therefore a decrease of plastic strains during multistage cyclic loading test is observed. In accordance with the shakedown theory, the plastic shakedown occurred in the tested sample.
The strain reversal at constant stress amplitude in Stage 5 was observed. Resilient modulus is a parameter describing elastic response during unloading phase of the cyclic loading. Between the unloading phase (Stage 6) and the first loading phase (Stage 1) and loading phases at Stages 5 and 7, similar values of resilient modulus were observed, which were equal 45 and 105 MPa respectively. This phe-1.
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FIGURE 9. Plot of plastic strain obtained from test results and calculations for multistage cyclic uniaxial unconfined tests nomenon confirms the impact of deviator stress on strain characteristic of soil. Multistage cyclic loading is characterised by the compressibility of cohesive soils, which is similar to standard results of consolidation. After unloading phase (Stage 6), the strain reversal was observed. The deviator stress characteristic values obtained from the cyclic unconfined uniaxial compression test were utilised to calculate plastic strains. Equations (4) and (5) can be utilised to calculate plastic deformations in uniaxial conditions.
